Strong electron correlations lie at the origin of transformative phenomena such as colossal magneto-resistance and high-temperature superconductivity. Already near room temperature, doped copper oxide materials display remarkable features such as a pseudo-gap and a "strange metal" phase with unusual transport properties. The essence of this physics is believed to be captured by the Fermi-Hubbard model of repulsively interacting, itinerant fermions on a lattice. Here we report on the site-resolved observation of charge and spin correlations in the two-dimensional (2D) Fermi-Hubbard model realized with ultracold atoms. Antiferromagnetic spin correlations are maximal at half-filling and weaken monotonically upon doping. Correlations between singly charged sites are negative at large doping, revealing the Pauli and correlation hole-a suppressed probability of finding two fermions near each other. However, as the doping is reduced below a critical value, correlations between such local magnetic moments become positive, signaling strong bunching of doublons and holes. Excellent agreement with numerical linked-cluster expansion (NLCE) and determinantal quantum Monte Carlo (DQMC) calculations is found. Positive non-local moment correlations directly imply potential energy fluctuations due to doublon-hole pairs, which should play an important role for transport in the Fermi-Hubbard model.
A central question in understanding cuprate hightemperature superconductors is how spin and charge correlations give rise to the wealth of observed phenomena. Antiferromagnetic order present in the absence of doping quickly gives way to superconductivity upon doping with holes or electrons [1] , suggesting the viewpoint of competing phases. On the other hand, antiferromagnetic correlations can also occur in the form of singlet bonds between neighboring sites, and indeed Anderson proposed [2] that superconductivity could result, upon doping a Mott insulator, from the condensation of such resonating valence bonds. It has also been argued [1] that the pseudo-gap and "strange metal" regions are supported by a liquid of spin-singlets. This motivates the simultaneous examination of nearest-neighbor spin and charge correlations, which might reveal the underlying mechanisms of pairing and transport.
In recent years, ultracold atomic gases have been established as pristine quantum simulators of strongly correlated many-body systems [3] [4] [5] . The Fermi-Hubbard model is of special importance due to its paradigmatic role for understanding high-T c cuprates. At low temperatures and away from half-filling, its theoretical solution presents a severe challenge due to the fermion sign problem. Central properties of Fermi-Hubbard physics, from the reduction of double occupancy [6, 7] and compressibility [8, 9 ] to short-range antiferromagnetic correlations [10] [11] [12] and the equation of state [9, 13, 14] , have been observed in ultracold atom experiments. The recently developed Fermi gas microscopes [13, [15] [16] [17] [18] [19] have led to the direct observation of 2D fermionic Mott insulators, band insulators, and metals with single-atom, single-site-resolved detection [20, 21] . The full strength of these microscopes, however, unfolds when single-site detection is used to directly measure correlations in the gas, as achieved with bosons in [22] [23] [24] .
In this work, we directly observe charge and spin correlations in the two-dimensional Fermi-Hubbard model using a Fermi gas microscope of 40 K atoms [15, 21] . Spin correlations displaying antiferromagnetic behavior have also been observed very recently with fermionic 6 Li in one [25] and two [26] dimensions. We employ the local resolution to simultaneously obtain correlations in the entire range from zero doping (half-filling) to full doping (zero filling), as the density varies in the underlying trapping potential. The microscope measures the parityprojected density on a given lattice site, i.e. doubly occupied sites (doublons) appear as empty. For a two-spin mixture of fermions in the lowest band of the optical lattice, this is described by the magnetic moment operator [21] Hamiltonian can be written in terms of local moments aŝ
(1) Here, i, j denotes nearest-neighbor sites i and j, t is the nearest-neighbor hopping amplitude, U is the onsite interaction energy, and µ is the chemical potential. At moderate temperatures and various fillings n i = n ↑,i +n ↓,i , this model yields metallic, band insulating, and Mott insulating states. At half-filling (n i = 1) and at temperatures below the super-exchange scale 4t 2 /U , quasi-long-range antiferromagnetic correlations arise. For a fixed temperature, these correlations are expected to be maximal when U ≈ 8t, where the interaction energy equals the single-particle bandwidth. Upon doping, a pseudo-gap phase emerges; at even lower temperatures one expects a d-wave superconducting state [1] . While the super-exchange scale is a factor of about two lower than the temperatures achieved here, site-resolved detection of short-range correlations should already reveal precursory signs of physics at this energy scale. Fig. 1(a) shows a typical measurement of the average local magnetic moment at a given lattice site, from ∼100 individual experimental realizations at U/t=7.2(1). Atoms are confined in a radially symmetric trapping potential. Under the local density approximation, this results in a varying local chemical potential, and thus a locally varying filling n throughout the sample. We prepare samples where the maximum filling, which occurs in the center of the trap, lies above n=1. The half-filling point is then found from radially averaged profiles (see Fig. 1(d)) as the radial position where the moment reaches its maximum. This follows from the particle-hole symmetry of the moment operatorm 2 z,i , a property that holds for all its averages and cumulants [21] .
While fluctuations of the local moment operator do not yield additional information, correlations of the moment on differing sites do [27] . We experimentally measure the moment correlator at a separation of one site, C m (1), defined as
where the sum is over all four nearest neighbors. The locally resolved correlator C m (1) and its radial average are shown in Fig. 1 (b,e) respectively. It displays nonmonotonic behavior, changing sign as the filling is lowered. As we discuss below, the negative regions, which indicate anti-bunching of moments, constitute a direct observation of the Pauli and correlation hole. The positive region near maximum moment, i.e. half-filling, reveals instead the bunching of moments, which as shown below arises from an effective attraction between doublons and holes. Local moment correlations alone, however, are not sensitive to the sign of the spinŜ z,i = 1 2 (n ↑,i −n ↓,i ). One important correlator that does depend on the sign of the spin is Ŝ z,iŜz,j , which can reveal antiferromagnetic ordering, expected to occur at half-filling and at low temperatures. This correlator can be expressed as obtained in separate experimental runs and are separately averaged. Analogous to the nearest-neighbor moment correlator C m (1), we define the nearest-neighbor spin correlator Fig. 1(c,f) show the locally resolved nearest-neighbor spin correlation C s (1) and its corresponding radial average. The fact that it is negative suggests antiferromagnetic correlations, as expected [28] [29] [30] . However, even without interactions, Pauli-blocking of like spins suppresses C s (1). One can see this by noting that C s (1) contains density correlations of either spin species separately, n σ,inσ,j − n σ,i 2 , which are negative even for the non-interacting gas due to Pauli suppression. For the lowest temperatures reached, we observe a maximum absolute spin correlation of about a factor of two larger than that of a non-interacting Fermi gas. Fig. 2(a,b) show the nearest-neighbor moment and spin correlations versus the measured local moment m 2 z,i . This representation allows for comparison with theory under minimal assumptions. As a thermodynamic quantity, the moment can replace the role of the chemical potential µ. Indeed all thermodynamic variables can then be viewed as functions of the local moment, the spin correlation at half-filling, U , and t. In fact, the local spin correlation at half-filling is itself a thermometer that does not require any fit [31] . Also shown in Fig. 2(a,b) are numerical linked-cluster expansion (NLCE) [32] and determinantal quantum Monte Carlo (DQMC) [33] calculations, which agree with the data within experimental uncertainties. Note that there are no free parameters, since the temperature T /t = 1.16 (16) is obtained from the spin correlation at half filling. Concerning the NLCE and DQMC calculations of the moment correlator performed for this work, it is the first time such a high-order correlator (involving terms with up to eight fermion operators) has been calculated with these techniques.
As expected, the antiferromagnetic spin correlations are maximum at half-filling and decrease with increased doping. Moment correlations instead are negative at low to intermediate fillings, crossing zero around a moment of 0.75 (doping ≈ 0.21) before turning positive towards halffilling. This implies that moments change their character from effectively repulsive (anti-bunching) to effectively attractive (bunching). The anti-bunching and bunching behaviors in the moments, as well as the antiferromagnetic spin correlations, become more pronounced as the temperature is lowered. Fig. 2 (c) shows the positive peak in the moment correlations at half-filling as well as the minimum moment correlation versus temperature; the spin correlator, shown in Fig. 2(d) , displays the same behavior, reaching −0.09 at our lowest temperatures. This is about 30% of the maximum spin correlation expected for the spin-1/2 Heisenberg model at zero temperature in 2D [34] .
To interpret the moment correlations, one may recast them in terms of the two-point correlator
which measures the probability of finding two moments a distance r from each other. In the absence of correlations, g 2 = 1. At low filling, where the the doublon density is negligible and the moment m 2 z = n − 2 n ↑n↓ ≈ n is essentially the density, g 2 (r) measures density correlations. These are non-trivial even for the spin-polarized non-interacting Fermi gas, where fermion statistics imply that g 2 (0) = 0, reflecting the fact that two fermions cannot be on the same site. This Pauli suppression of g 2 persists at short distances on the order of the average interparticle spacing, a feature known as the Pauli hole. While implications of this fermion "anti-bunching" have been observed in the suppression of density fluctuations [35, 36] and momentum space correlations [37, 38] , the real space suppression g 2 (r) has not been observed in situ before. In a non-interacting two-spin mixture, the strength of the Pauli hole is halved, as only two identical fermions experience the Pauli hole. Nevertheless, repulsive interactions between opposite spins also suppress g 2 (r), leading to a combined Pauli and correlation hole.
In Fig. 3(a) , we show the directly measured g 2 (1) as a function of moment at an intermediate interaction of U/t = 7.2. The strong suppression of g 2 (1) at low fillings (large interparticle spacing) is observed, and is stronger than Pauli suppression alone, reflecting short-range anticorrelations due to repulsive interactions. As shown in Fig. 3(a) , the data is well described by NLCE and DQMC calculations.
While g 2 (r) describes the probability of finding two moments a distance r from each other, near half-filling, where m 2 z ∼ 1, the correlations arise mainly from sites where the moment is zero, i.e. sites with holes and doublons. The number of holes and doublons, which appear empty after imaging, is given by 1 −m 2 z . The corresponding two-point correlation functionḡ 2 (r) of these "anti-moments" is thus
In Fig. 3(b) , we observe thatḡ 2 (1) is strongly enhanced near half-filling beyond the uncorrelated value of 1.ḡ 2 (1) thus reveals the strong bunching of holes and doublons. There are three contributions toḡ 2 (1): correlations between pairs of holes, between pairs of doublons, and between holes and doublons. One expects neighboring holes and neighboring doublons to show negative correlations, due to Pauli suppression and strong repulsion. Hence the bunching behavior must originate from positive correlations between neighboring doublon-hole pairs. This expectation is confirmed by NLCE and DQMC calculations (see Supplemental Material).
The strong doublon-hole correlation near half-filling in the presence of antiferromagnetic correlations can be qualitatively captured by a simple two-site Hubbard model, experimentally realized in [39] . While in the strongly interacting limit (U t) the doublon density vanishes and the ground state is a spin singlet, at intermediate interaction strengths, tunneling admixes a doublon-hole pair into the ground state wavefunction, with an amplitude ∼t/U . Thus, short-range singlet correlations at moderate U/t occur naturally together with nearest-neighbor doublon-hole correlations.
At a separation of one lattice site, we have revealed the competition between Pauli-and interaction-driven repulsion of singly-occupied sites and the effective attraction of doublons and holes, which manifests itself in a sign change of the correlator. The ability of the microscope to measure at a site-resolved level also allows investigation of longer-distance correlations. In Fig. 4(a,b) , we show the moment and spin correlations C m (i, j) and C s (i, j), respectively, as a function of separation distance ix + jŷ. Near half-filling, even at the temperatures of this graph, T /t ≈ 1.2, antiferromagnetic spin correlations beyond the next neighbor are visible. With increased doping, they give way to a more isotropic negative spin correlation. For example, C s (1, 1) changes sign from positive at half filling to negative at large dopings. This resembles the effect of Pauli suppression present already for non-interacting fermions. For the moment correlator, we observe clearly the sign change of C m (1, 0) at a doping of x ≈ 0.21, and that the correlations do not extend significantly beyond one site. To our knowledge, these are the first observations and theoretical calculations of spatial moment correlations in the 2D Fermi-Hubbard model.
The measurement of non-local moment correlations also gives direct access to the associated potential energy fluctuations. From the Fermi-Hubbard Hamiltonian in Eq. (1), one finds that
whereM = im 2 z,i is the total moment operator. At half-filling, the contribution to the fluctuations from the nearest-neighbor moment correlations is thus U 2 C m (1) ≈ 0.8 t 2 . This suggests that doublon-hole correlations can indeed arise from coherent tunneling of particles bound in spin singlets.
The microscopic detection of spatial correlations in both the spin and charge as a function of temperature, doping, and interaction strength in the 2D FermiHubbard model presented here allowed the direct observation of the Pauli and correlation hole at high doping, expected for a Fermi liquid, and of antiferromagnetic correlations accompanied by doublon-hole bunching near half-filling. These correlations were subsequently identified in novel theoretical calculations. It is interesting to note that away from half-filling, both NLCE and DQMC calculations are currently limited to a temperature range around T /t ≈ 0.5, not far below what is reached experimentally in this work. Further reduction in experimental temperatures will provide a valuable benchmark for theoretical techniques, especially away from half-filling, where the sign problem arises. The clear importance of doublon-hole correlations motivates further studies of their dynamics, especially away from half-filling, which could elucidate their role for the transport properties of a possible "strange metal" phase and potential pseudogap behavior.
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Supplemental Material: Observation of Spatial Charge and Spin Correlations in the 2D Fermi-Hubbard Model

Experimental Setup and Procedure
To prepare fermionic 40 K atoms at low entropies in a square optical lattice, we first sympathetically cool the K atoms in a plugged magnetic trap with bosonic 23 Na. The atoms are subsequently transferred to an optical trap. They are then transported optically into a single 2D layer below our high-resolution microscope objective, where further evaporation occurs [21] . A square lattice formed by retro-reflected lattice beams, with lattice spacing of a = 541 nm, is then ramped to a depth that gives the desired Hubbard parameters U/t. The Hubbard parameter U and the lattice depth are calibrated with modulation spectroscopy. The tunneling t is extracted from the measured lattice depth using a tight-binding model.
To detect atoms, we freeze the position of the atoms by ramping up the square lattice in 2 ms to a depth of ∼ 100E R , where E R = 2 2m π 2 a 2 and m is the mass of 40 K. The square lattice in the x-y plane, along with an additional 532 nm-spaced lattice along z, are further ramped up to ∼ 1000E R . We subsequently perform site-resolved fluorescence imaging using Raman sideband cooling. The fluorescence images are then used to reconstruct the parity-projected occupation at each lattice site [15] .
Spin-sensitive Imaging
To realize spin-sensitive imaging, we first ramp up the x-y lattice to 100 E R to freeze the distribution. Then we transfer atoms in |F = 9/2, m F = −9/2 (|F = 9/2, m F = −7/2 ) to a different hyperfine state |7/2, −7/2 (|7/2, −5/2 ) using a microwave sweep. This is followed by a 5 ms pulse of light resonant with the F = 9/2 → F = 11/2 transition. We measure that this removes > 95% of the atoms in F = 9/2, while removing only < 0.03% in F = 7/2. Subsequently the x-y lattice and the additional z-lattice with 532 nm spacing are ramped to ∼ 1000 E R for Raman imaging. Using samples with a band-insulating core, we have verified that spin-sensitive imaging does not create more than 1(3)% singly occupied sites from doubly occupied sites.
Measuring the Spin Correlation Function
In this section, we show how the spin correlation function C s can be expressed in terms of experimentally accessible quantities. The spin correlator can be written as 
wheren ↑,i andn ↓,i denote the on-site spin-up and spindown number operators, respectively. The directly measured experimental observables are then given by,
wherem 2 z,i represents the total moment operator on a given lattice site, obtained by imaging both spin components, andm σ,i represents the observable that we measure via the spin-sensitive imaging technique described (1) held in the lattice for varying times. Temperature is extracted from the observed moment at half-filling using NLCE theory. A linear fit, shown in blue solid, gives a heating rate of 0.64(5)t/s.
above. The correlation signals available are then
We begin by showing how the spin-spin correlation function, 4 Ŝ z,iŜz,j c , can be written in terms of these quantities:
Next, we note thatm In terms of the experimentally measured correlators, we thus have
Note that this expression is general for any spin imbalance. For the data presented in this work, the ratio of the two spin populations was found to be 1.02(1) by comparing the measured average atom number for each spin species after the spin-sensitive imaging.
The above derivation assumes perfect fidelity. There are a few sources of error, one of which is the overall imaging fidelity f < 1. This reduces the correlation signal by a factor of f 2 , but does not introduce systematic biases. Neglecting this fidelity f , errors that arise from imperfect spin-imaging can be quantified by changing the observable operators from Eqn. (6) tỗ
Here 1σ denotes unintended losses of spin-σ atoms when performing spin-sensitive imaging, 2σ denotes imperfect removal of −σ atoms, and doubly occupied sites are assumed to be dark. The experimentally available correlators are then given bỹ
Neglecting overall imaging fidelity f , to leading order in 1σ and 2σ , the error in the spin correlator is
In other words, in the case of perfect non-detection of doubly-occupied sites, each error term is separately proportional to a measured correlator. This allows us to set bounds on the magnitude of these errors. From our measurements, we can bound the first term to −0.2(1) × C s , the second term to 0.02(2) × m (2) , and the third term to < 1 × 10 −4 over all fillings. The latter two terms are negligible compared to the first, as are terms of higher order in 1σ and 2σ .
In the case of imperfect non-detection of doubly occupied sites, where we image d of the doublons, to leading order in d one has the additional error term of
Using an estimate of this correlator from NLCE data, we expect the error to be bounded by 0.025 d . From the agreement of NLCE data with the correlations versus moment, we estimate that d < 0.10, giving an error bound of 2.5 × 10 −3 .
Data Analysis and Error Estimates
In each experimental run, the fluorescence image is reconstructed to determine the parity-projected occupation of each lattice site. To obtain the moment m Since the trap is radially symmetric, the site-resolved moment m 2 z,i can be radially averaged. The radial averaging is performed with a bin size of 40 points. Error bars are statistical, and denote the standard deviation in each bin normalized by the square root of the number of points in each bin. An analogous radial averaging procedure is performed on the correlators C s and C m , and error bars are similarly obtained. This allows us to replot the correlators as functions of the average moment m 2 z,i , which is a fit-free method to parametrize the filling.
To obtain the correlators C s (i, j) and C m (i, j) at various fillings for Fig. 4 of the main text, the correlators are first plotted versus the average moment. A 6 th order polynomial spline is then fit to the data for each separation (i, j). This allows one to interpolate between various fillings.
To determine the temperature of a sample with minimal assumptions, we use the maximum value of the moment as a thermometer. The maximum value of the moment occurs at half-filling, due to particle-hole symmetry. For the temperature range and interaction strength accessed in this work, the moment is monotonic in temperature. Comparison to NLCE theory, accounting for imaging fidelity f = 95(1)%, allows us to estimate the temperature of the gas. While this method is not particularly sensitive at low temperatures, it does not rely on assumptions of the trapping potential. We find that using temperatures obtained this way, the behavior of correlators versus temperature agrees with DQMC and NLCE theory.
Correlations versus U/t
As shown in Fig. S1 , we observe the largest spin and charge correlations near U/t ≈ 8, as expected from theoretical predictions. At higher U/t, the values of the spin correlation do not lie on an isothermal curve. This could indicate technical heating at the higher lattice depths used, or difficulty reaching thermal equilibrium due to the slower timescale when t is small. To estimate the heating, we hold the gas at U/t = 7.2(1) and observe how the temperature changes as a function of hold time. We observe a heating rate of 0.64(5) t/s at this interaction strength, as shown in Fig. S2 .
Numerical Linked Cluster Expansion Results
In numerical linked-cluster expansions [32, 40] one expresses extensive properties of a quantum lattice model in the thermodynamic limit in terms of contributions from finite clusters, up to a certain size, that can be embedded in the lattice:
where P represents the extensive property per site, the sum runs over all clusters that are not related by lattice symmetries, M (c) is the number of ways per site in which each cluster c appears, and W P (c) is the contribution of cluster c to property P . W P (c) is calculated using the inclusion-exclusion principle,
where p(c) is the property calculated for cluster c and the sum is over sub-clusters of c, all clusters with smaller number of sites that can be embedded in c. NLCEs use the same basis as high-temperature series expansions (HTSEs), however, unlike HTSEs, in which p(c) are expressed as perturbative expansions in terms of the inverse temperature β, in NLCEs p(c) are calculated exactly (to all orders in β) using exact diagonalization. Despite the lack of an obvious small parameter in the NLCEs, the convergence of the series is lost below a certain temperature where the correlations in the system grow beyond a length of the order of the largest clusters considered. Here, we have carried out the site expansion for the Hubbard model [29, 41] to the 9th order (maximum cluster size of 9). We work in the grand canonical ensemble and choose a fine chemical potential grid, leading to a high resolution also in the average density [42] . For the correlation functions and temperature ranges of interest in this study, the series shows convergence at all densities; therefore, in the main text, we show results in 9th order only. In Fig. S3 , we show the 8th and 9th orders along with results after numerical re-summations using the Wynn algorithm [40] in an extended temperature region at half filling.
Determinantal Quantum Monte Carlo Results
The determinantal or auxiliary field quantum Monte Carlo (QMC) for interacting fermions on a bipartite lattice is an unbiased algorithm that provides statistically "exact" answers for the energy and correlation functions as a function of temperature [33, 43, 44] . By introducing auxiliary fields at each space-time point σ(x, t) in a path integral representation of the partition function, the quartic interaction terms can be factored into quadratic formsâ i . The fermions can now be integrated out yielding a partition function Z = ρ as a sum of determinants ρ = Tr {σ} Nτ i=1 exp[â i ] over auxiliary field configurations [45, 46] . The negative sign or complex phase of this determinant is the source of the so-called "signproblem" in QMC simulations that can limit the ability to go to low temperatures away from half filling. However, in the present case when we compare our QMC with the experimental data for the moment and spin correlators presented in Fig. S3 , we can bracket the lowest temperatures T to be of order the hopping t, a regime where the QMC simulations are completely reliable at all fillings. Error bars reported are statistical.
FIG. S4:
Contributions to the nearest-neighbor moment correlator. Shown are the hole-hole (blue dotted), hole-doublon (red dashed), and doublon-doublon (green dot-dashed) contributions, obtained from NLCE theory at U/t = 7.2 and T /t = 1.22. The moment correlator, given by the sum of these three terms, is shown in solid black.
Contributions to the Moment-Moment Correlation Function
Since the local momentm 
Defining the number operator for a spin-σ hole at site i to beĥ σ,i = 1 −n σ,i , and the total hole operator h i =ĥ ↑,i +ĥ ↓,i = 2 −n i , one can rewrite the densitydoublon correlation n idj c in terms of holes as − ĥ idj c . Similarly, the density-density correlation can be written as n inj c = ĥ iĥj c . For a homogeneous system, the moment correlator can then be expressed as 
One expects that holes and doublons are repulsive among themselves due to fermion statistics and repulsion, while holes and doublons attract. The moment correlator thus contains the competing effects of inter-hole and interdoublon repulsion with hole-doublon attraction. The relative weights of the three terms, as extracted from NLCE data, are shown in Fig. S4 for U/t = 7.2 and T /t = 1.22.
